Introduction
============

Lung cancer is the common malignant tumor and the leading cause of cancer death worldwide, comprising 12.7% of the total new cancer cases and 18.2% of the total cancer deaths[@B1]. Non-small cell lung cancer (NSCLC) accounts for more than 85% of all lung cancer cases. Radiotherapy is an important approach of local and regional therapy for many types of cancer and also is a highly effective treatment for NSCLC at the present[@B2], [@B3]. Nonetheless, the outcome of radiotherapy alone is undesirable and many tumors are poorly controlled due to radiation resistance. Moreover, radiotherapy would potentially stimulate cancer invasion and metastasis[@B4], [@B5]. However, the mechanisms of radiotherapy induced tumor metastasis remain unknown. As we known, proangiogenic molecules are essential for radiation resistance, tumor progression and metastasis[@B6]-[@B12]. Proangiogenic molecules could play critical roles in radiation**-**induced tumor metastasis. Many studies have reported radiotherapy can stimulate multiple signal transduction pathways simultaneously and alter the expression of proangiogenic molecules including vascular endothelial growth factor (VEGF) in surviving cancer cells and host cells[@B13]-[@B17]. But the regulatory mechanism of VEGF overexpression in response to radiotherapy is still not clear.

The human apurinic/apyrimidinic endonuclease/redox factor-1 (hereafter, APE1) is a dual-function protein with both DNA repair and redox function. APE1 is an essential enzyme in the base excision repair (BER) pathway which is responsible for repair of abasic sites caused by oxidative and alkylation damage[@B18]. In addition to its DNA repair functions, APE1 also functions as a transcriptional coactivator, to reduce and activate transcription factors, including HIF-1α, AP-1, NF-κB, which are crucial to the cellular response to oxidative stress[@B19]. Our previous studies and other reports have indicated that APE1 is a crucial proangiogenic regulator which modulates VEGF expression and angiogenesis through HIF-1α[@B20]-[@B22]. Also APE1 is showed high expression on the tumor tissues of many lung cancer patients, which is associated with response to chemotherapy or radiotherapy in NSCLC patients[@B23]-[@B25]. So it is reasonable to hypothesize that APE1 has the effect on radiation-induced angiogenesis in lung cancer through modulating VEGF expression.

In the present study, we first investigated the correlation between expression of APE1 and VEGF in NSCLC, and then further analyzed impact of APE1 on radiation-induced VEGF expression and consequent angiogenesis *in vitro.*We observed that increased expression of the APE1 and VEGF on human lung adenocarcinoma A549 cells was concurrently induced by X-ray irradiation in a dose-dependent manner. Downregulation of APE1 significantly reduced DNA binding activity of HIF-1α and inhibited the expression of VEGF in A549 cells. More importantly, knockdown of APE1 significantly suppressed the endothelial cells immigration and capillary-like structure formation induced by X-ray irradiation *in vitro*. Our present study highlighted the effect of APE1 on angiogenesis induced by ionizing radiation, therefore inhibition of APE1 may be a promising approach to decrease angiogenesis and metastasis when combined with radiotherapy for NSCLC.

Materials and Methods
=====================

Patients and Cell lines
-----------------------

The present study involved 136 patients with NSCLC from 2003 to 2008 in the Daping Hospital of Third Military Medical University, China. All patients underwent radical surgery and the histological classification of the resected tumors was based on the World Health Organization criteria. The tumor stages were renewed according to the tumor/node/metastasis (TNM) classification developed by American Joint Committee on Cancer in 2010[@B26]. No chemotherapy or radiotherapy was given to the patients before surgery. 102 patients were male and the median age was 59 years (range, 32\~78 years). The stages range was from I to III. Patient characteristics are shown in Table [1](#T1){ref-type="table"}. The control group was the normal lung tissues of 25 patients.

Human lung adenocarcinoma A549 cells and human umbilical veins endothelial cells (HUVECs) were purchased from American Type Culture Collection (Manassas, VA, USA). Both cell lines were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100μg/ml streptomycin. Cells were grown at 37°C in a humidified incubator under 5% CO~2~.

Immunohistochemistry
--------------------

The expressions of APE1, VEGF and CD~34~ on the resected tumors were analyzed using immunohistochemistry[@B22], [@B23]. Sections from paraffin-embedded tumors were incubated 1 h with mouse anti-human APE1, VEGF and CD~34~ monoclonal antibody, and then incubated with goat anti-mouse secondary antibody. Antigen-antibody complexes were visualized by incubation with 3,3-diaminobenzidine (DAB) substrate and counterstained with diluted Harris hematoxylin. Tissues were scored for: (1) percentage of cell staining and (2) intensity of staining (weak, moderate, or strong). To be defined as low expression, the tissue needed to meet weak staining and positive cell percentage less than 50% or moderate staining and positive percentage less than 25%. As high expression, the tissue needed to meet strong staining, or moderate staining and positive percentage more than 25% or weak staining and positive cell percentage more than 50%. Microvessel was defined as any CD~34~-positive endothelial cells separate from adjacent microvessels. For the quantification of microvessel density (MVD), Counting at ×200 magnification was performed by rotating the graticule to where the maximum number of stained vessels in the eye piece. 3 fields were captured for each section, and the results were expressed as the mean ± standard deviation.

Transfection assay
------------------

Recombinant adenovirus vector Ad5/F35-APE1 siRNA and Ad5/F35-EGFP were constructed as described previously[@B27]. Transduction was carried out using Ad5/F35-EGFP or Ad5/F35-APE1 siRNA with 20 multiplicities of infection (MOI)[@B23]. Cells were infected for 90 min and were then washed to remove the adenoviruses. After transfection, cells were incubated for 48 h at 37°C, and then used for the following assays.

HIF-1α siRNA (Invitrogen, Carlsbad, CA, USA) and the corresponding control oligonucleotides were purchased. HIF-1α-expressing vector was constructed by inserting HIF-1α cDNA into pcDNA3.1 vector. One day before transfection, cells were plated in growth medium without antibiotics. Cells were transfected with either HIF-1α siRNA or scramble siRNA and HIF-1α or control vector according to the manufacturer\'s instructions. After transfection, the cells were allowed to recover by incubating for 4 h at 37°C, and then transferred into normal growth medium. Cells were cultured at 37°C in a CO~2~incubator for the following assays.

X-ray irradiation
-----------------

The cells were cultured in 25-cm^2^ dish until they reached 70\~80% confluence and then irradiated at room temperature with Elekta Precise Linear Accelerator operating at 8 MV, dose rate 200 cGy/min, source to surface distance 100 cm.

Western blot analysis
---------------------

A549 cells were washed with ice-cold phosphate-buffered saline (PBS). Ten million A549 cells were added with 100 μL cell lysis solution precooled to 0°C, left on ice for 30min, centrifuged at 12,000 rpm, and placed at room temperature for 10 min. Supernatants were added with 2×sodium dodecyl sulfate (SDS) gel loading buffer and denatured at 100°C for 5 min. Then, SDS-polyacrylamide gel electrophoresis (separation gel concentration, 12%) and polyvinylidene fluoride (PVDF) membrane transferring were conducted. Whole-cell extracts (20 μg/lane) were resolved in SDS-polyacrylamide gel. The PVDF membrane was blocked with 5% defatted milk and detected with monoclonal antibodies directed against HIF-1α (R & D Systems, Minneapolis, MN, USA), APE1 (Novus Biological, Littleton, CO, USA) and β-actin (Sigma, St Louis, MO, USA). The membranes were then incubated with a horseradish peroxidase-conjugated secondary antibody (Pierce, Rockford, IL, USA). The membranes was reacted with chemiluminescent regents (Pierce) and exposed onto film (Kodak).

Reverse transcriptase-polymerase chain reaction (RT-PCR)
--------------------------------------------------------

After treatment, the cells were washed with ice-cold PBS, and total RNA was extracted using Trizol (Invitrogen, CA, USA). Reverse transcription was performed with PrimeScript^®^II 1st Strand cDNA Synthesis Kit (TaKaRa, Dalian, China) at 30°C for 10 min, 42°C for 45 min and 95°C for 5 min according to the manufacturer\'s instructions. The resulting cDNA were stored in -80°C until use. The sequences of PCR primers (Invitrogen, Shanghai, China) were as follows: 5\'-GGAGTGTGTGCCCACCGAGGAGTCCAAC-3\' (forward) and 5\'-GGTTCCCGAAACCCTGAGGGAGGCT-3\' (reverse) for VEGF; 5\'-GACCACACCTTCTACAATGAG-3\' (forward) and 5\'-GCATACCCCTCGTAGATGGG-3\' (reverse) for β-actin. 2 μl of cDNA was amplified in a 20 μl PCR reaction volume with GoTaq^®^ Flexi DNA polymerase (Promega, Madison, WI, USA). The samples were first denatured at 94°C for 2 min, followed by 30 PCR cycles, each with temperature variations as follows: 94°C for 45 s, 58°C for 30 s and 72°C for 30 s. The last cycle was followed by an additional extension incubation of 10 min at 72°C. Analysis of amplification was accomplished on 2% agrose gel containing 0.2 mg/ml ethidium bromide and visualized under UV transilluminator. The densitometric analysis of PCR products was performed by computer software using a GS-800 Imaging Densitometer (Bio-Rad, Hercules, CA, USA) and standardized to β-actin product.

Enzyme linked immunosorbent assay (ELISA)
-----------------------------------------

The level of VEGF in the culture supernatant was measured by the human VEGF ELISA kit (Neobioscience, China) according to the manufacturer\'s instruction. In brief, 100 μl of the culture supernatant was added to each ELISA plate well pre-coated with anti-human VEGF polyclonal antibody. After 1.5 h incubation at 36°C, the plate was washed and then 100 μl of human VEGF conjugate was added to each well. The plate was incubated at 36°C for 1 h. The plate was washed again and 100 μl of substrate solution was added to each well. The plate was then incubated at 36°C in the dark for color development. After 30 min, 100 μl of stop solution was added to each well. Absorbance in each well was measured using microplate reader (Bio-Rad, Hercules, CA, USA) at 450 nm. Concentration of VEGF in the culture supernatant was determined by interpolation from the standard curve and normalized by the numbers of tumor cells.

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

Nuclear extracts were prepared from treated cells using the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo-Pierce, Rockford, USA). EMSA was accomplished using the LightShift^®^ Chemiluminescent EMSA Kit (Thermo-Pierce, Rockford, USA) as previously detailed[@B28]. Briefly, 10μg of nuclear proteins were incubated with biotin end-labeled and purified HIF-1α consensus double-stranded oligonucleotide. The DNA protein complexes were electrophoresed on 5% native polyacrylamide gel using 0.5×TBE buffer at 100 V for 1 h, transferred to a nylon membrane at 380 mA for 0.5 h, and detected using the Streptavidin-Horseradish Peroxidase Conjugate and the Chemiluminescent Substrate.

Transwell migration assay
-------------------------

The immigration of HUVECs was evaluated in Transwell cell culture chambers with a porous (8.0 μm pore size) polycarbonate terephthalates (PET) membrane filter (Millipore, USA). . Briefly, 2×10^5^ HUVECs were seeded into the upper chamber. The lower chamber was filled with A549 culture medium that treated with irradiation, adenovirus vector Ad5/F35-APE1 siRNA, or combination of both. After 24 h of incubation, migrated cells were fixed and stained with hematoxylin and eosin (H&E), and the number of migrated HUVECs was counted in five randomly selected fields under light microscopy (magnification, ×200).

Capillary-like structure formation assay
----------------------------------------

Capillary-like structure assay was carried out using human endothelial cell line HUVEC as previously described[@B29], [@B30]. In brief, 200 μl/well of Matrigel™ Matrix (BD Biosciences, USA) was added to each well of a 24-well plate and incubated for 30 min at 37°C. The cells of treatment groups suspended in serum-free conditioned medium obtained from A549 cells culture supernatant that treated with irradiation, adenovirus vector Ad5/F35-APE1 siRNA, or combination of both. Control group had serum-free conditioned medium obtained from A549 cells culture supernatant without any treatment. HUVECs (1×10^5^) were suspended in 600 μl of conditioned medium, plated onto the gel matrix and incubated for 24 h at 37°C. The capillary-like structures formed by HUVECs were photographed using a phase contrast inverted microscope (magnification, ×100). Three independent experiments were performed.

Statistical analysis
--------------------

Quantitative data were obtained from at least three independent experiments and expressed as mean ± SD. Statistical analysis was performed using computer SPSS software SPSS 18.0 (SPSS, Chicago, IL, USA). The correlation between APE1 expression and clinico-pathologic factors was examined using χ^2^ analysis. The correlation between APE1 and VEGF expression and MVD was examined using spearman rank correlation analysis. Survival curves were plotted using the Kaplan-Meier method, and the differences between the survival curves were assessed using the log-rank test. Cox regression model was used for analyzing the multivariable factors with DFS of patients. Comparison between the treatment groups and the control group was performed by one-way analysis of variance (ANOVA) test or two-way ANOVA test. P values were two sided; p value \< 0.05 were considered as statistically significant.

Results
=======

APE1 and VEGF expressions in NSCLC patients
-------------------------------------------

Immunohistochemical assays were performed to investigate the expressions of APE1 in 136 NSCLC tissues and 25 normal lung tissues. In normal lung tissues, the positive staining of APE1 mainly located in the nucleus (Fig.[1](#F1){ref-type="fig"}A). But in NSCLC tissues, APE1 staining located not only in the nucleus, but also in the cytoplasm. As shown in Table [1](#T1){ref-type="table"}, 77.94% (106/136) NSCLC tissues showed high APE1 expression (Fig.[1](#F1){ref-type="fig"}B), and the remaining showed low APE1 expression (Fig.[1](#F1){ref-type="fig"}C). Expressions of VEGF and CD~34~ were also investigated in NSCLC tissues. VEGF staining mainly located in the cytoplasm, and 66.18% (90/136) NSCLC tissues showed high VEGF expression (Fig.[1](#F1){ref-type="fig"}D). CD~34~ staining mainly located in the cytoplasm and membrane of vascular endothelial cells in tumor stroma (Fig.[1](#F1){ref-type="fig"}E). The results showed that the expression of APE1 was not associated with gender, age, histological type, pathological differentiation grade, tumor size and lymphatic nodal status (P\>0.05). The expressions of VEGF and MVD were associated with tumor size and lymphatic nodal status (P\<0.05), and not associated with gender, age, histological type, pathological grade (P\>0.05).

As shown in Table [2](#T2){ref-type="table"}, the expressions of APE1 and VEGF were associated with MVD, respectively. In addition, the expression of APE1 showed significant correlation with VEGF and MVD and the rank correlation coefficients were 0.369 and 0.387, respectively (P\<0.01).

Relationship between APE1 expression and disease free survival (DFS)
--------------------------------------------------------------------

DFS time was accounted from the day of surgery until recurrence or metastasis. The data of the patients without recurrence or metastasis until June 2011 were censored. Kaplan-Meier survival curves and the log-rank test were used to analyze univariate distributions for DFS. Results showed that the 1-, 3- and 5-year DFS rates were 65.4%, 44.6% and 42.3%, respectively. Figure [2](#F2){ref-type="fig"} shows that APE1 higher expression levels had a significantly shorter DFS time compared with APE1 lower expression group, and VEGF high expression is associated with reduced survival. Moreover, the multivariate analysis by COX regression model showed that tumor size, lymphatic nodal status and VEGF expression level were the important independent prognosis factors, which indicated that APE1 expression level may not be an independent prognostic factor in NSCLC.

Ionizing radiation induces expression of APE1 and VEGF on A549 cells
--------------------------------------------------------------------

To determine the effect of ionizing radiation on APE1 expression level, western blot analysis was performed on A549 cells treated with various doses of X-ray. As shown in Figs.[3](#F3){ref-type="fig"}A and B, APE1 was strongly expressed and irradiation induced a dose-dependent increase in APE1 protein expression in A549 cells. VEGF is a secreted protein, the upregulation of which is likely to be followed by a rapid increase in export of VEGF out of the cell. Therefore, we performed RT-PCR to examine the VEGF mRNA levels and ELISA to detect VEGF protein level in the A549 culture supernatant. Figs.[3](#F3){ref-type="fig"}C and D show that a dose-dependent increase in VEGF mRNA expression was observed after treatment with increasing doses of irradiation in A549 cells. Moreover, VEGF protein expression was also induced by irradiation in a dose-dependent manner in the A549 culture supernatant (Fig.[3](#F3){ref-type="fig"}E).

Ad5/F35-APE1 siRNA inhibits radiation-induced APE1 expression in A549 cells
---------------------------------------------------------------------------

To examine the impact of adenovirus infection on A549 cells, APE1 protein expression was determined by western blot after treatment with Ad5/F35-EGFP or Ad5/F35-APE1 siRNA. As Figs.[4](#F4){ref-type="fig"}A and B shown, Ad5/F35-APE1 siRNA significantly inhibited APE1 expression, whereas the APE1 expression in the Ad5/F35-EGFP group was not changed compared with no treatment control group. Therefore, Ad5/F35-EGFP was used as control for following experiments. We then analyzed the APE1 expression following combination of Ad5/F35-APE1 siRNA and irradiation, and found that irradiation-induced APE1 expression was significantly inhibited by Ad5/F35-APE1 siRNA pretreatment (Figs.[4](#F4){ref-type="fig"}C and D).

Ad5/F35-APE1 siRNA inhibits radiation-induced VEGF expression
-------------------------------------------------------------

To investigate the role of APE1 on VEGF mRNA expression level after irradiation, we analyzed the mRNA expression of VEGF in Ad5/F35-APE1 siRNA and irradiation alone group, and combined with Ad5/F35-APE1 siRNA and irradiation group. As shown in Figs.[5](#F5){ref-type="fig"}A and B, the VEGF mRNA expression levels of A549 and HUVECs cells increased after irradiation treatment, and Ad5/F35-APE1 siRNA attenuated the radiation-induced VEGF mRNA expression. There was a dose-dependent increase in VEGF protein in A549 (Fig.[5](#F5){ref-type="fig"}C) and HUVECs (Fig.[5](#F5){ref-type="fig"}D) culture supernatants post-radiation, and the increased VEGF protein expression level was significantly inhibited by Ad5/F35-APE1 siRNA.

APE1 regulates VEGF expression in A549 cells through HIF-1α
-----------------------------------------------------------

APE1 is a multifunctional protein involved in redox regulation and base excision DNA repair. Through reduction of their critical cysteine residues, APE1 enhances the DNA-binding activity of several transcription factors, including HIF-1α, a well-known transcription factor critically involved in the cellular response to oxidative stress[@B19]. As VEGF is one of the HIF-1α target genes[@B31], [@B32], we hypothesized that APE1 regulated VEGF expression in A549 cells through HIF-1α. To dissect the underlying mechanism, we first determined the potential effects of HIF-1α on VEGF expression. As shown in Fig.[6](#F6){ref-type="fig"}A, the over-expression of HIF-1α in A549 tumor cells by transfection of HIF-1α expressing vector caused the increase of VEGF expression (Fig.[6](#F6){ref-type="fig"}A). Conversely, knockdown of HIF-1α in A549 cells using HIF-1α siRNA decreased the production of VEGF (Fig.[6](#F6){ref-type="fig"}B). Interestingly, we found that silencing of APE1 by Ad5/F35-APE1 siRNA in A549 cells resulted in a significant reduction of VEGF level when the HIF-1α protein expression remains at the same level (Fig.[6](#F6){ref-type="fig"}C). Then, we further elucidated the effects of Ad5/F35-APE1 siRNA and/or irradiation on transcriptional activation of HIF-1α by EMSA, and found that the DNA-binding activity of HIF-1α was induced by irradiation and the radiation-induced activation of HIF-1α was significantly inhibited by Ad5/F35-APE1 siRNA (Fig.[6](#F6){ref-type="fig"}D). More importantly, there was no significant difference in HIF-1α protein level in Ad5/F35-APE1 siRNA and/or irradiation groups; while the radiation-induced VEGF expression was attenuated by Ad5/F35-APE1 siRNA (Fig.[6](#F6){ref-type="fig"}E). Collectively, these data suggested that APE1 regulates VEGF expression through enhancing the DNA-binding activity of HIF-1α in A549 tumor cells.

Ad5/F35-APE1 siRNA inhibits radiation-induced HUVECs immigration and capillary-like structure formation in vitro
----------------------------------------------------------------------------------------------------------------

To determine the effect of Ad5/F35-APE1 siRNA on endothelial cells immigration induced by irradiation *in vitro*, we analyzed the immigration of HUVECs using the Transwell assays. As shown in Figs.[7](#F7){ref-type="fig"}A and B, the number of migrated HUVECs significantly decreased after infection with Ad5/F35-APE1 siRNA in A549 cells, compared with Ad5/F35-EGFP infection. An obvious increase in migrated HUVECs was observed in A549 irradiation group (Figs.[7](#F7){ref-type="fig"}A and B), possibly promoting metastasis. Then, we analyzed the migration of HUVECs following combined treatment, and found that irradiation-induced HUVECs migration was almost completely inhibited by the pretreatment of A549 cells with Ad5/F35-APE1 siRNA (Figs.[7](#F7){ref-type="fig"}A and B).

To further determine the effect of Ad5/F35-APE1 siRNA on angiogenesis, we examined how Ad5/F35-APE1 siRNA regulates capillary-like structures formation of HUVECs induced by irradiation *in vitro*. As shown in Fig.[7](#F7){ref-type="fig"}C, conditioned medium from irradiated A549 cells increased HUVECs capillary-like structure formation compared to control non-irradiated conditioned medium, moreover, Ad5/F35-APE1 siRNA decreased the HUVECs capillary-like structures formation induced by ionizing radiation *in vitro*.

Discussion
==========

The human APE1 is a ubiquitous and essential multifunctional protein. APE1 is a key enzyme in BER pathway which is responsible for the repair of oxidative and alkylation DNA damage. In addition to its DNA repair functions, APE1 also is a redox regulator to stimulate the DNA binding activity of numerous transcription factors that are involved in cancer promotion and progression, such as Fos, Jun, NF-κB, paired box containing family of genes (PAX), HIF-1α, HIF-1-like factor (HLF), and p53, then to participate in many crucial cellular processes, including the response to oxidative stress, regulation of transcription factors, cell cycle control, and apoptosis[@B33].

VEGF is known to be a crucial angiogenic factor and play an important role in promoting angiogenesis; meanwhile, HIF-1α is a critical transcriptional factor to promote the VEGF expression. Therefore, it is reasonable to consider that APE1 might be a regulator in angiogenesis. Alteration of APE1 protein level and subcellular localization is often observed in lung cancer and many other human tumors, which is associated with response to treatments and prognostic significance[@B23]-[@B25], [@B34]-[@B38]. In this study, we also showed that APE1 protein level was related with DFS in patients with NSCLC, but APE1 was not an independent prognostic factor for DFS by COX regression model. We presumed the reason might be that APE1 expression was significant correlated with VEGF and MVD. Our previous study has demonstrated that pSilence-Ape1 can significantly suppress the expression of VEGF in human osteosarcoma 9901 cells and combined treatment with pSilenceApe1 and recombinant human endostatin showed potent antiangiogenic effects in the transwell chamber invasion assay[@B22]. In this study, the results show that Ad5/F35-APE1 siRNA efficiently inhibited APE1 protein expression and significantly decreased DNA binding activity of HIF-1α and suppressed VEGF expression in human lung adenocarcinoma A549 cells**.** Moreover, the APE1 knockdown of A549 cells inhibited co-cultured endothelial cells immigration and capillary-like structure formation.

Recently, the mechanisms of APE1 regulating HIF-1α have been studied by many researchers. The regulation of HIF-1 activity is primarily determined by the stability of the HIF-1α protein. Over-expression of APE1 can enhance the transcription activity of HIF-1 through redox-dependent stabilization of HIF-1α protein[@B39]. HIF-1α contains within its C-terminus two transactivation domains, and the hypoxia-inducible activity of both the two domains was enhanced by either SRC-1 or cAMP responsive element binding protein (CBP)/p300 coactivator. APE1 promotes redox-dependent interactions between HIF-1 and transcription coactivators SRC-1 and CBP/p300. All three proteins, CBP, SRC-1, and APE1, are important components of the hypoxia signaling pathway and have a common function in regulation of HIF-1α function in hypoxic cells. They form a multiprotein complex binding to adjacent and sometimes non-adjacent sequences in the hypoxic response element of HIF-1α[@B40]. One study has showed in both pancreatic and prostate carcinoma cell lines the transcription complex comprising signal transducer and activators of transcription 3 (STAT3), HIF-1α, CBP/p300 and APE1 binding to the VEGF promoter is required for maximum transcription of VEGF following hypoxia[@B21]. Another study has also suggested that APE1 is a critical component of the hypoxia-inducible transcriptional complex forming on the VEGF gene\'s hypoxic response element and that the presence of APE1 in the complex is required for the apparent high affinity association between HIF-1 and its DNA recognition sequence[@B20].

Radiotherapy is an important approach of local and regional therapy for many types of cancer, but many studies have reported radiotherapy can stimulate multiple signal transduction pathways simultaneously and alter the expression of proangiogenic molecules in cancer and host cells to induce angiogenesis, thereby diminishing treatment response by inducing tumor recurrence or metastasis. The irradiation-induced increase of HIF-1-regulated cytokines enhances endothelial cell radioresistance, which may be major determinants of tumor radiosensitivity[@B16]. Radiotherapy can modulate VEGF expression through multiple mitogen activated protein kinase (MAPK) dependent pathways[@B14]. Low-dose irradiation promotes tissue revascularization through VEGF release from mast cells and MMP-9-mediated progenitor cell mobilization[@B41]. Radiotherapy induces angiogenesis through the upregulation of the nitric oxide pathway in the endothelial cells[@B42]. Likewise, radiotherapy can induce VEGF expression in lung cancer. The lung squamous cell carcinoma RERF-LC-AI cells irradiated with single doses of 15 Gy either X-rays or carbon ions have showed significantly increased VEGF mRNA expression up to 2.81-fold of control at 16\~24 h after irradiation, and a significant increase has also been observed in VEGF protein levels in culture supernatant at 24 h after irradiation with 50 and 90 keV/microm carbon ions. The VEGF mRNA and protein induction has showed dose-dependent and independence on LET[@B13], [@B43]. Another study has also reported that VEGF expression is induced in Lewis lung carcinomas (LLCs) after exposure to ionizing radiation, moreover, treatment of tumor-bearing mice with a neutralizing antibody to VEGF-165 before irradiation is associated with a greater than additive antitumor effect[@B44]. As APE1 can regulate VEGF through the transcription factors such as HIF-1α, APE1 may play an important role in irradiation-induced angiogenesis, and also may contribute to understand the molecular mechanism of radiation resistance and irradiation-induced cancer invasion and metastasis.

Several researches have revealed that APE1 is showed high expression on NSCLC tumors of radiation-resistant and cisplatin-resistant tumors, which suggests that APE1 is associated with response to chemotherapy or radiotherapy and chemo-radiotherapy in NSCLC patients[@B23]-[@B25]. Our previous work has showed ionizing radiation can enhance APE1 expression in the human lung adenocarcinoma A549 cells[@B25], and targeted inhibition of APE1 can enhance the effect of cisplatin and radiation[@B23], [@B24]. In the present study, we further confirmed that APE1 was strongly expressed and irradiation induced a dose-dependent increase in APE1 protein expression in A549 cells, and Ad5/F35-APE1 siRNA could significantly decrease DNA binding activity of HIF-1α and suppress the expression of VEGF in irradiated A549 cells. Therefore, knockdown of APE1 not only significantly suppressed VEGF expression but also suppressed VEGF expression induced by ionizing radiation in A549 cells. Moreover, Ad5/F35-APE1 siRNA was shown to inhibit co-cultured endothelial cells immigration by transwell chamber co-culture system and capillary-like structure formation induced by X-ray irradiation. Previous other study has also demonstrated that simultaneous downregulation of NF-κB and HIF-1α in PC-3 prostate cancer cells by inhibition of APE1 could decrease both cell survival and VEGF-mediated angiogenesis[@B45]. Our study implicates the redox regulatory function of APE1, but cannot exclude a role for one of the other activities of APE1. Thus, to further explore the role of the APE1 redox function during radiation-induced angiogenesis in lung cancer cells, it is like that selective inhibitor of the APE1 redox function like APX3330 should be used, as previously described by Jiang *et al*[@B46]. However, our findings suggest that APE1 may be an important therapeutic target in angiogenesis induced by ionizing radiation. One strategy for tumor gene therapy is to inhibit expression of APE1 to decrease angiogenesis induced by ionizing radiation to enhance the radiotherapy response, and effectively eliminate metastasis. Therefore, targeting of APE1 holds great potential clinical significance in combination with radiotherapy for NSCLC.
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![**Immunohistochemical staining for APE1, VEGF and CD34.**(A) Expression of APE1 in normal lung tissues; (B) High expression of APE1 in NSCLC tissues; (C) Low expression of APE1 in NSCLC tissues; (D) High expression of VEGF in NSCLC tissues; (E) High expression of CD~34~ in NSCLC tissues..](ijmsv10p0870g02){#F1}

![Kaplan-Meier analysis of the effect of APE1 and VEGF levels on survival.](ijmsv10p0870g03){#F2}

![**Effects of irradiation on expressions of APE1 and VEGF. A549 cells were treated with different doses of X-ray irradiation**. (A) Samples were collected at 48 h post-radiation. Western blot of cell lysates was done with APE1 monoclonal antibody and reprobed with β-actin antibody as a loading control. (B) Normalized APE1 protein levels after adjusting for loading. ^\*^p\<0.05 vs. control. (C) Samples were collected at 24 h post-radiation. VEGF mRNA levels were measured by RT-PCR. (D) Normalized VEGF mRNA levels after adjusting for loading. ^\*^p\<0.05 vs. control. (E) Samples were collected at 48 h post-radiation, and then VEGF protein levels in the culture supernatant were determined by ELISA.](ijmsv10p0870g04){#F3}

![**Effects of Ad5/F35-APE1 siRNA on expression of APE1.**(A) A549 cells were treated with Ad5/F35-APE1 siRNA or Ad5/F35-EGFP, and then APE1 protein expression was determined at 48 h post-infection by Western blot and reprobed by β-actin. (B) Normalized APE1 protein levels after adjusting for loading.^\*\*^p\<0.01 vs. Control; ^\#^p\<0.01 vs. Ad5/F35-EGFP. (C) After 48 h post-infection, A549 cells were then irradiated with 4 Gy of X-ray, and then cells were collected at 48 h post-radiation. Western blot was done with APE1 monoclonal antibody and reprobed with β-actin antibody as a loading control. (D) Normalized APE1 protein levels after adjusting for loading. Lane 1, Ad5/F35-EGFP; lane 2, Ad5/F35-EGFP+IR; lane 3, Ad5/F35-APE1 siRNA; lane 4, Ad5/F35-APE1 siRNA+IR. ^\*\*^p\<0.01 vs. Ad5/F35-EGFP; ^\#^p\<0.01 vs. Ad5/F35-EGFP+IR.](ijmsv10p0870g05){#F4}

![**Effects of Ad5/F35-APE1 siRNA on expression of VEGF.**A549 (A) and HUVECs (B) cells were treated with Ad5/F35-APE1 siRNA or Ad5/F35-EGFP and then radiated with 4 Gy X-ray at 48 h after infection. Samples were collected at 24 h post-radiation. RT-PCR analysis of total RNA was done with VEGF mRNA primer and reprobed with β-actin primer as a loading control. Lane 1, Ad5/F35-EGFP; lane 2, Ad5/F35-EGFP+IR; lane 3, Ad5/F35-APE1 siRNA; lane 4, Ad5/F35-APE1 siRNA+IR. \*p\<0.05 vs. Ad5/F35-EGFP; \# p\<0.01 vs. Ad5/F35-EGFP+IR. A549 (C) and HUVECs (D) cells were irradiated with different doses of X-ray at 48 h post-infection. Samples were collected at 48 h after irradiation. VEGF protein levels in the culture supernatant were determined by ELISA. \*p\<0.05 different doses irradiation vs. non-irradiation; ^\#^p\<0.05 Ad5/F35-APE1 siRNA vs. Ad5/F35-EGFP at same dose of X-ray irradiation.](ijmsv10p0870g06){#F5}

![**APE1 regulates VEGF expression through HIF-1α.**HIF-1α vector (A) or siRNA (B) was transfected into A549 cells. 48 h later, the cells were used for HIF-1α analysis by Western blot and VEGF analysis by RT-PCR. (C) Ad5/F35-APE1 siRNA was transfected into A549 cells. 48 h later, the cells were used for APE1 and HIF-1α analysis by Western blot and VEGF analysis by RT-PCR. (D and E) A549 cells were infected with Ad5/F35-APE1 siRNA or Ad5/F35-EGFP and then radiated at 48 h post-infection. Cells were harvested for EMSA 5 h later (D), and collected for APE1 and HIF-1α analysis by Western blot and VEGF analysis by RT-PCR at 48 h post-radiation (E).](ijmsv10p0870g07){#F6}

![**Ad5/F35-APE1 siRNA inhibits irradiation-induced migration and capillary-like structure formation of endothelial cells**. (A) *In vitro* migration of endothelial cells was detected using a transwell chamber model (magnification, ×200). Irradiation-induced HUVECs migration was inhibited by Ad5/F35-APE1 siRNA infection in A549 cells. (B) Each data point represents the mean±SD of three independent determinations. Lane 1, Ad5/F35-EGFP; lane 2, Ad5/F35-EGFP+IR; lane 3, Ad5/F35-APE1 siRNA; lane 4, Ad5/F35-APE1 siRNA+IR. ^\*^p\<0.01 vs. Ad5/F35-EGFP; ^\#^p\<0.01 vs. Ad5/F35-EGFP+IR. (C) Ad5/F35-APE1 siRNA inhibited the irradiation-induced capillary-like structure formation in HUVECs. After incubation, endothelial cells were fixed, and tubular structures were photographed (magnification, ×100).](ijmsv10p0870g08){#F7}

###### 

The relationship of clinicopathologic factors and APE1, VEGF protein expressions and MVD in NSCLC.
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###### 

The correlation of MVD with APE1 and VEGF protein expressions in NSCLC.

  Groups            MVD (Mean±SD)   P value
  ----------------- --------------- ---------
  **APE1**                          
  High expression   31.08±6.57      P=0.002
  Low expression    26.70±7.01      
  **VEGF**                          
  High expression   31.93±6.65      P=0.000
  Low expression    26.57±5.97      
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